Vasomotor symptoms (VMS; or hot flashes) plague millions of reproductive-aged men and women who have natural or iatrogenic loss of sex steroid production. Many affected individuals are left without treatment options because of contraindications to hormone replacement therapy and the lack of equally effective nonhormonal alternatives. Moreover, development of safer, more effective therapies has been stymied by the lack of an animal model that recapitulates the hot-flash phenomenon and enables direct testing of hypotheses regarding the pathophysiology underlying hot flashes. To address these problems, we developed a murine model for hot flashes and a comprehensive method for measuring autonomic and behavioral thermoregulation in mice. We designed and constructed an instrument called a thermocline that produces a thermal gradient along which mice behaviorally adapt to a thermal challenge to their core body temperature set point while their thermal preference over time is tracked and recorded. We tested and validated this murine model for VMS by administration of a TRPV1 agonist and a neurokinin B receptor agonist, capsaicin and senktide, respectively, to unrestrained mice and observed their autonomic and behavioral responses. Following both treatments, the mice exhibited a VMS-like response characterized by a drop in core body temperature and cold-seeking behavior on the thermocline. Senktide also caused a rise in tail skin temperature and increased Fos expression in the median preoptic area, a hypothalamic temperature control center. This dynamic model may be used to fully explore the cellular and molecular bases for VMS and to develop and test new therapeutic options. (Endocrinology 158: 3259-3268, 2017) H ot flashes are characterized by a constellation of vasomotor symptoms (VMS), which are characterized by intermittent episodes of flushing, perspiration, and tachycardia in response to highly variable or declining sex steroid levels. Moderate to severe VMS adversely affect quality of life and economic productivity. In the United States, most women who experience natural or surgical menopause are plagued with VMS, which often persist for many years (1-3). Men who are treated with inhibitors of testosterone production (e.g., for prostate cancer) also experience VMS (4, 5). Unfortunately, the underlying physiological mechanisms that drive VMS are poorly understood. However, the occurrence of VMS in both men and women suggests that the phenomenon is produced by a conserved pathophysiological mechanism that links the reproductive and thermoregulatory control systems in the brain.
Vasomotor symptoms (VMS; or hot flashes) plague millions of reproductive-aged men and women who have natural or iatrogenic loss of sex steroid production. Many affected individuals are left without treatment options because of contraindications to hormone replacement therapy and the lack of equally effective nonhormonal alternatives. Moreover, development of safer, more effective therapies has been stymied by the lack of an animal model that recapitulates the hot-flash phenomenon and enables direct testing of hypotheses regarding the pathophysiology underlying hot flashes. To address these problems, we developed a murine model for hot flashes and a comprehensive method for measuring autonomic and behavioral thermoregulation in mice. We designed and constructed an instrument called a thermocline that produces a thermal gradient along which mice behaviorally adapt to a thermal challenge to their core body temperature set point while their thermal preference over time is tracked and recorded. We tested and validated this murine model for VMS by administration of a TRPV1 agonist and a neurokinin B receptor agonist, capsaicin and senktide, respectively, to unrestrained mice and observed their autonomic and behavioral responses. Following both treatments, the mice exhibited a VMS-like response characterized by a drop in core body temperature and cold-seeking behavior on the thermocline. Senktide also caused a rise in tail skin temperature and increased Fos expression in the median preoptic area, a hypothalamic temperature control center. This dynamic model may be used to fully explore the cellular and molecular bases for VMS and to develop and test new therapeutic options. (Endocrinology 158: 3259-3268, 2017) H ot flashes are characterized by a constellation of vasomotor symptoms (VMS), which are characterized by intermittent episodes of flushing, perspiration, and tachycardia in response to highly variable or declining sex steroid levels. Moderate to severe VMS adversely affect quality of life and economic productivity. In the United States, most women who experience natural or surgical menopause are plagued with VMS, which often persist for many years (1) (2) (3) . Men who are treated with inhibitors of testosterone production (e.g., for prostate cancer) also experience VMS (4, 5) . Unfortunately, the underlying physiological mechanisms that drive VMS are poorly understood. However, the occurrence of VMS in both men and women suggests that the phenomenon is produced by a conserved pathophysiological mechanism that links the reproductive and thermoregulatory control systems in the brain.
Recent evidence suggests that VMS are driven by so-called KNDy neurons in the arcuate nucleus of the hypothalamus (6) . KNDy neurons produce three neuropeptides: kisspeptin (Kiss1), neurokinin B (NKB), and dynorphin-hence the acronym, KNDy. These neurons are considered the central processors of reproduction, and their pulsatile activity drives the episodic secretion of gonadotropin-releasing hormone (GnRH) (7, 8) . KNDy neurons sense circulating levels of sex steroids and modulate the activity of GnRH neurons, thereby governing the negative feedback control of gonadotropin [luteinizing hormone (LH) and follicle-stimulating hormone] secretion (9, 10) . When circulating levels of sex steroids decline, KNDy neurons compensate by increasing their activity, amplifying gonadotropin secretion and thereby increasing sex steroid production.
In 1979, scientists observed that VMS often occur coincidentally with LH pulses (11) (12) (13) (14) ; however, at the time, there was no clear physiological explanation for the phenomenon. One of the cotransmitters of KNDy neurons, NKB, can activate warm-sensing neurons (WSNs) in the median preoptic area (MnPOA) and trigger heat dissipation in rats (15) . Thus, it is conceivable that following an acute decline in circulating levels of sex steroids, the increased production of NKB by hyperactivated KNDy neurons creates a state of transient thermal instability, which manifests as VMS. This event occurs in parallel with acute Kiss1-dependent activation of GnRH neurons and thus creates an LH pulse. Neuronal tracing studies have identified projections from KNDy neurons to the MnPOA (16, 17) ; however, there is no evidence of a direct functional connection between KNDy neurons and WSNs in the MnPOA. Although indirect evidence supports the prevailing hypothesis of VMS generation (i.e., that KNDy neurons drive the event), direct evidence has been more elusive; hence, the hypothesis remains unproven.
Several animal models have been used to interrogate the physiological basis of the VMS phenomenon following either gonadectomy or pharmacologically induced sex steroid suppression (18) (19) (20) (21) (22) (23) (24) . However, the results and conclusions of these investigations have been confounded by inconsistencies in study design, age, sex, time of day, and ambient temperature. In humans, VMS are characterized by the perception of an inappropriate elevation in core body temperature (CBT), resulting in adaptive measures (e.g., vasodilating, disrobing, fanning). Mice and other small mammals also thermoregulate using a variety of adaptive measures, but behavioral adaption is the dominant strategy (25) (26) (27) . For example, when mice perceive they are too hot, they move to a cooler location. We used this behavioral adaption phenomenon to develop a murine model for VMS that would approximate behaviors that closely mimic those of affected humans.
We had several experimental objectives. The first was to design a thermal gradient platform and validate its ability to reveal an animal's changing thermal preference in response to a thermal challenge. To validate the instrument, we used capsaicin to activate TRPV1 channels to trigger a sensation of warmth and induce an appropriate behavioral response (i.e., moving to a cooler region of the thermal gradient). Second, to explore the putative role of NKB signaling in triggering VMS, we challenged mice with an NKB agonist, senktide, and assessed their thermoregulatory responses, including temperature preference on the thermocline, CBT, tail skin temperature (TST), and Fos induction in the MnPOA. We report that the response to senktide recapitulated many of the autonomic and behavioral adaptations that are characteristic of VMS.
Materials and Methods

Animals
All procedures were approved by the Institutional Animal Care and Use Committee of the University of Washington in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals. Male and female mice were housed in a temperature-controlled room (21°C to 23°C) with a 12-hour light:12-hour dark cycle with lights on at 0600 AM. Housing was under specific pathogen-free conditions, and animals were provided with ad libitum access to water and chow. All mice were bred in our Kiss1-Cre-GFP transgenic colony and were wild-type littermates of mice on an F8 generation C57BL/6J background, which do not express the gene for the Cre-GFP protein. Mice born in-house were used because C57BL/6J mice shipped from Jackson Laboratories proved to be more difficult to habituate to handling and the thermocline following the stress of shipment. Heterozygous (Kiss1 +/Cre ) CreGFP2expressing mice were used only for examining Fos induction following senktide administration. Men and women experience VMS following steroid withdrawal. Therefore, we used both male (M) and female (F) mice to model the human condition.
Pain assessment following administration of various treatment doses in the mice was based on guidelines provided by our institution's veterinary staff. Per recommendation by veterinary staff, mice were monitored for the following signs: licking/ biting/scratching the injection area for more than 15 minutes, lethargy, tucked or hunched posture, failure to groom, eye discharge, poor responsiveness to stimuli, and failure to show normal patterns of inquisitiveness or alertness. None of these signs of pain was observed at the dosages of capsaicin or senktide evaluated.
Thermocline design and protocol for use
There are four components of the thermocline system ( Fig. 1 ; patent pending): the thermocline test chamber, video camera, video streaming and recording software, and position-tracking software. The thermocline test chamber is an open-topped aluminum box (100 3 85 3 14 cm), divided into lengthwise subsections or "lanes." The base is a ½-in-thick piece of aluminum in which a thermal gradient is generated across its length, with one end cool and the opposite end warm, ranging from 10°C to 45°C. The warm end is maintained by cartridge heaters (12v 30W) implanted in the aluminum. The cool end is maintained by solid-state refrigeration components called Peltier junctions. A Peltier junction contains semiconductor material that maintains a voltage-controlled thermal differential between its two sides. The cool side is placed against the base of the thermocline, and the opposite side has heat removed by forced air2cooled heat sinks. Keeping the hot side close to room temperature (RT) allows the cool side to drop below RT. Lane temperature is monitored via thermocouples implanted into the aluminum base. The thermocouples are connected to control circuitry, which provides a user-selectable temperature range and over-limit alarm outputs. Topping the chamber is an optically clear piece of Plexiglas that creates a consistent internal ambient temperature and allows video tracking of animals.
When the thermocline is turned on, it creates a thermal gradient across the aluminum baseplate. Mice are placed into each lane and can freely move to the location of their choice. The position of the mouse is tracked with a USB video camera (Vimicro USB 2.0 PC Camera; Logitech HD Pro Webcam C920) mounted above the thermocline test chamber. Using VLC software (open-source software available at https://www. videolan.org/vlc), we can record a video that is streamed live to a remote location for monitoring. Positional data are analyzed with EthoVision video tracking software. The position of each animal along the thermal gradient is tracked and recorded every second. From the positional data, we can determine how each intervention influences the animal's thermal preference along the thermocline.
Capsaicin dosing and CBT monitoring
SubCue-Mini Dataloggers (Canadian Analytical Technologies Inc., Calgary, AB, Canada) were initialized before insertion and programmed for data recording during the time window of interest. Mice (n = 30, 15 M/15 F) were anesthetized under isoflurane (3%). Dataloggers were surgically implanted via a paralumbar abdominal incision. After surgery, animals were given buprenorphine SR (0.5 mg/kg) as an analgesic and were allowed to recover for 1 week.
Capsaicin samples (M2028; Sigma Aldrich, St. Louis, MO) were prepared as a serial dilution [100 mM initial stock solution in dimethyl sulfoxide (DMSO)] with saline (0.9% sodium chloride) in dose amounts of 1.5, 1, 0.5, 0.25, and 0 mg/kg (vehicle, saline), all maintaining a constant dosing volume of 5 mL/g animal mass.
One week after surgery, the mice were habituated to injections by receiving a subcutaneous flank injection of saline once daily for 4 days. On the fifth day, the mice were divided into five groups (n = 5 or 6, with 2 or 3 M and 3 F), and mice in each group received one subcutaneous flank injection of vehicle or one of the four different doses of capsaicin. At the conclusion of the experiment, mice were euthanized under anesthesia by cervical dislocation, and the dataloggers were extracted to retrieve CBT data.
Senktide dosing and CBT monitoring
Dataloggers were inserted into 30 mice (15 M/15 F) as described previously, and animals were allowed to recover for 1 week. Senktide (Tocris Bioscience, Minneapolis, MN) samples were prepared as a serial dilution [1 mM initial senktide stock solution in 0.9% saline with 5% DMSO volume-to-volume ratio (v/v)] with vehicle (0.9% saline) in dose amounts of 0.75, 0.50, 0.25, 0.125, and 0 mg/kg senktide (vehicle, 0.9% saline with 5% DMSO), maintaining a constant dosing volume of 5 mL/g animal mass.
Similar to the capsaicin dosing protocol, 1 week after surgery, animals received a subcutaneous flank injection of saline once per day for 4 days. On the fifth day, the animals were divided into five groups (n = 5 or 6, with 2 or 3 M and 3 F) and animals in each group received one subcutaneous flank injection of either vehicle or one of the four doses of senktide. The animals were subsequently euthanized to retrieve the dataloggers and extract CBT data. Behavior in response to capsaicin and senktide on the thermocline with thermal gradient off For these experiments, the thermal gradient of the thermocline was turned off. Mice (n = 18, 9 M/9 F) were placed in one of 12 thermocline lanes and habituated for 4 hours per day over 5 consecutive days. Halfway through the habituation period, the mice were picked up, scruffed, momentarily touched at the injection site, and returned to the thermocline. Investigators were not present in the room except to place the mice on the thermocline, handle them briefly, and subsequently remove them from the thermocline. During the second week, each mouse was placed on the thermocline again for 4 hours on 3 separate days. Two hours after being placed in the thermocline, the mice were removed and given a subcutaneous injection of one of three different treatments: 1 mg/kg of capsaicin with 3% DMSO, 0.5 mg/kg of senktide with 3% DMSO, or vehicle only. The mice then were returned to the thermocline for another 2 hours. The vehicle used for all cases was 0.9% sodium chloride with 3% DMSO v/v. Each mouse received all three treatments one time each over the course of the experiment. Animal position on the thermocline and movement were monitored and recorded with USB cameras and VLC software and tracked using EthoVision position-tracking software. Preferred position on the thermocline as well as total movement over the course of the experiment-and exclusively postinjection-were quantified.
Behavior in response to capsaicin and senktide on the thermocline with thermal gradient on For these experiments, the thermal gradient of the thermocline was turned on. Mice (n = 11, 5 M/6 F) were implanted with a thermal datalogger and allowed to recover for 1 week. After recovery, they were placed in one of 12 thermocline lanes and habituated for 4 hours per day over 5 consecutive days. Halfway through the habituation period, the mice were picked up, scruffed, momentarily touched at the injection site, and returned to the thermocline. Investigators were not present in the room except to place the mice in the thermocline, handle them briefly, and subsequently remove them from the thermocline. During the second week, each mouse was placed in the thermocline again for 4 hours for 3 consecutive days. Two hours after being placed in the thermocline, the mice were removed and given a subcutaneous injection of one of three different treatments: 1 mg/kg of capsaicin with 3% DMSO, 0.5 mg/kg of senktide with 3% DMSO, or vehicle only. The mice then were returned to the thermocline for another 2 hours. The vehicle used for all cases was 0.9% sodium chloride with 3% DMSO v/v. Each mouse received all three treatments one time each over the course of the experiment. Animal position on the thermocline and movement were monitored and recorded with USB cameras and VLC software. Movement was quantified and the position translated into temperature using EthoVision position-tracking software. Following all trials, the animals were euthanized, the dataloggers were removed, and the data were processed using the SubCue software.
TST in response to senktide
Mice (n = 12, 6 M/6 F) were habituated to the thermocline daily for 2 hours per day for 5 days with the thermocline at ambient temperature (off). The week following habituation, mice were again placed on the thermocline on 2 additional days for a 2-hour period each day. After 1 hour, animals were imaged with an infrared (IR) camera (FLIR E5, FLIR Systems, Wilsonville, OR) and 5 minutes later given a subcutaneous injection of either senktide (0.5 mg/kg with 3% DMSO) or vehicle in a crossover design. They were each then IR imaged at 2.5-minute intervals for 20 minutes at a distance of 6 in. above the mouse. TST was measured from the IR image by averaging the temperature of the tail along a line starting 2 cm from the base of the tail and extending for 1 cm distally.
Fos induction in MnPOA following senktide treatment
Mice (n = 24, 12 M/12 F) were divided into two groups of 12 animals (6 M/6 F) and given a subcutaneous injection of either senktide solution (0.5 mg/kg with 3% DMSO) or vehicle (0.9% saline with 3% DMSO v/v). After 2 hours, the mice were administered a ketamine/xylazine cocktail and transcardially perfused using 13 phosphate-buffered saline (PBS) and 4% paraformaldehyde in 13 PBS. Brains were postfixed in 4% paraformaldehyde overnight at 4°C and then cryoprotected in 30% sucrose solution overnight. Brains were then frozen in Tissue-Tek® O.C.T. Compound and stored at 280°C until slicing. The MnPOA of each mouse was sliced into 30-mm sections and stored in 13 PBS at 4°C. A total of 20 to 24 sections were collected, and the section closest to 0.38 mm anterior to bregma was chosen for cell quantification.
Floating sections were immune-stained for Fos with the following protocol. Sections were washed in 13 PBS and then blocked in blocking buffer (5% normal donkey serum, 0.3% Triton-X100, in 13 PBS) at RT for 60 to 90 minutes. Sections then were left on shaker in primary antibody (1:500; catalog no. sc-52, research resource identifier:AB_2106783, in blocking buffer; Santa Cruz Biotechnology, Dallas, TX) overnight at RT. Following three washes in 13 PBS, sections were left on shaker in secondary antibody solution [1:500, donkey anti-rabbit immunoglobulin G H&L (DyLight ® 488; catalog no. ab96919, research resource identifier:AB_10679362, in blocking buffer; Abcam, Cambridge, MA)] for 3 to 4 hours. Slide coverslips were mounted with ProLong Diamond Antifade Mountant (Life Technologies, Carlsbad, CA) and allowed to dry overnight. Processed slides were imaged on a Leica DMLB fluorescence microscope with a 340 objective, and Fos-expressing neurons in the MnPOA were counted by observers who were blinded to the group assignments. Images for publication were collected using a Leica SP8X Scanning Confocal microscope with a 340/NA 1.30 oil immersion objective.
Statistical Analysis
GraphPad Prism resources (http://www.graphpad.com/ quickcalcs) were used for statistical analyses. We compared the responses of mice to treatment with the responses to vehicle as seen in the animals' CBT, temperature/position preferences, and TST over time. On the basis of preliminary dose-response studies, we identified the time-window of responses to capsaicin and senktide as 60 and 80 minutes, respectively. These timewindows following injection were used for statistical analyses of subsequent experiments. For the studies examining CBT and behavioral responses to treatment on the thermocline, we examined each mouse's responses over time and measured the area under the response curves. We then used a two-tailed, paired t test to determine if the mean area under the response curves for each treatment group were significantly different. This same statistical strategy was applied to the data for the TST response to senktide. To determine whether senktide induced Fos expression in the MnPOA, counts of Fos-labeled cells were compared with a two-tailed t test. We used a two-way analysis of variance (thermocline status vs treatment) to evaluate whether thermocline status (on vs off) affected postinjection movement in both capsaicin-and senktide-treated animals. All data are plotted as mean 6 standard error of the mean.
Results
Decreases in CBT in response to capsaicin and senktide doses
Mice injected with capsaicin and senktide exhibited dose-dependent decreases in CBT [ Figs. 2(a), and 3(a) ]. Vehicle-treated mice did not experience a drop in CBT. We took particular note of the response of mice given a 1.0-mg/kg dose of capsaicin or a 0.5-mg/kg dose of senktide, which provided a clear thermoregulatory response without pain (see Materials and Methods section for pain assessment details). We used these treatment doses for validation of the thermocline.
Response to capsaicin and senktide treatment when thermal gradient was active (on)
For observation of behavioral responses to capsaicin and senktide, mice implanted with dataloggers were placed in individual lanes of the thermocline. Two hours later, the mice were injected subcutaneously with 1.0 mg/kg of capsaicin, 0.5 mg/kg of senktide, or vehicle solution. The mice were then allowed to behaviorally thermoregulate undisturbed while CBT and positional data on the thermocline were recorded.
All mice showed an initial drop in thermal preference. However, the vehicle-treated mice quickly recovered and returned to their previously preferred temperature on the thermal gradient. In contrast, the capsaicin-treated mice maintained their position on the cooler end of the thermocline for nearly an hour following treatment [ Fig.  2(d) ]. The CBT of these mice dropped farther than that of the mice given capsaicin at ambient temperature during the dose-response study [nadir = 32.1°C 6 0.623°C vs 33.5°C 6 0.709°C; Fig. 2(b) ]. Likewise, the senktidetreated mice preferred to remain at cooler temperatures for the duration of the study postinjection [ Fig. 3(d) ]. As seen with mice given capsaicin, the CBT of these mice also dropped farther than that of the mice given 0.5 mg/kg of senktide at ambient temperature during the doseresponse study [nadir = 31.6°C 6 0.489°C vs 32.7°C 6 0.790°C; Fig. 3(b) ].
Position preference in response to capsaicin and senktide treatment when thermal gradient was inactive (off)
We examined whether the apparent cold temperature preference of capsaicin-and senktide-treated mice was attributed to a "fear or stress response" to the injection-a response that induced the mice to seek a particular end of the thermocline-notwithstanding the presence of a thermal gradient. To examine this possibility, we evaluated the behavioral response of mice on the thermocline to the same treatments, but this time with the thermocline turned off (i.e., no thermal gradient present). We reasoned that if the injection itself or the treatment response caused the mice to prefer a specific end of the thermocline (independent of the thermal gradient), then we would expect the same location preference pattern to occur whether the thermal gradient was on or off. However, we found that when the thermocline temperature gradient was turned off, the mice did not demonstrate a placement preference (i.e., they moved randomly between ends of the thermocline) [Figs. 2(c)  and 3(c) ]. Comparison of movement following capsaicin and senktide treatment when thermal gradient was active vs inactive (on vs off)
We also examined whether the positional preferences of the capsaicin-and senktide-treated mice could be related to "impaired mobility" that compromised their ability to direct their movement elsewhere. To address this possibility, we used the EthoVision tracking software to quantify the total movements of mice on the active or inactive thermocline following treatment. (We focused on postinjection movement to avoid preinjection movement differences masking any potential effect of the treatments on movement.) We found that thermal gradient status (on vs off) had a significant effect on postinjection movement (P , 0.001; F = 44.75, df = 1; two-way analysis of variance), whereas treatment had no significant effect (P = 0.0904; F = 2.476, df = 2), with no significant interaction observed (P = 0.202; F = 1.630, df = 2) (Supplemental Fig. 1 ).
Increase in TST and Fos expression in the MnPOA in response to senktide
To ensure that senktide induced a physiologically normal thermoregulatory response in our animals, we also measured the TST of senktide-treated mice. Senktidetreated mice experienced a significant rise in TST compared with vehicle-treated mice (5.98°C 6 0.729°C vs 1.93°C 6 0.701°C) (Fig. 4) . This rise in TST lasted about 15 minutes before subsiding, which reflects a difference in the time course of the response to senktide between the CBT and TST.
Finally, to determine whether senktide could activate neurons in the MnPOA, an important thermoregulatory region in the hypothalamus, we quantified and compared the number of Fos-expressing cells following either senktide or vehicle treatment [ Fig. 5(d) ]. We found that senktide treatment significantly increased the number of Fos-expressing neurons within a section of the MnPOA (P = 0.0259; two-tailed t test).
Discussion
VMS are a physiological enigma that reduces the quality of life of those affected. People who experience VMS perceive an elevation in their CBT, even when little to no objective change actually occurs (28, 29) ; nevertheless, they respond physiologically to the actuating event that triggers the phenomenon. Scientists have struggled to devise an animal model in which to elucidate the etiology of VMS as well as test potential therapeutics. Here, we report a comprehensive approach to simultaneously and remotely measure and record physiological and behavioral adaptations by mice to a perceived thermal challenge.
Small mammals, including mice, adapt to excessive heat by seeking cooler areas that facilitate heat loss (26) . We found that mice exhibited this same behavior when they were placed on a temperature gradient, a thermocline. Although thermal gradients have been used in physiological studies, our dynamic approach synergized use of a thermal gradient, constant video tracking, and measurement of various thermoregulatory responses in a convenient murine model. The thermocline gave the mice a range of ambient temperature choices and allowed recording of their adaptive movements on a second-tosecond basis. As expected, when the thermal gradient was active (i.e., ON), the mice chose to sit at temperatures very close to their normal CBT (37°C). When the thermal gradient was inactive, the mice were prone to exploration, increasing their overall movement on the thermocline.
The "walled" thermocline also allowed experiments on up to 12 animals at a time while individual behavioral responses to a variety of stimuli (e.g., ambient temperature, pharmacologic agents, neural stimulation) were remotely recorded.
Once we were confident that the thermocline performed as envisioned, we addressed our second aim-to pharmacologically mimic a hot flash in mice. We induced thermoregulatory dysfunction using two compounds, capsaicin and senktide. We administered capsaicin to produce an acute sensation of hyperthermia (30, 31) . We conducted the dose-response analysis of capsaicin's effects to determine the lowest dose that would induce a thermoregulatory response without inducing any signs of pain or preventing movement, as shown by control experiments on the inactive thermocline. We observed that a dose of 1.0 mg/kg produced a significant thermoregulatory response without a coincident discernable pain response. Capsaicin caused an immediate hypothermic response that was characteristic of a mouse-or a human-experiencing VMS and lasted for about 60 minutes after injection. Capsaicin treatment caused the mice to direct their movement toward the cool end of the active thermocline, indicating their need to seek a better thermal comfort zone (i.e., cooler following the drugs) and their perception of feeling "too warm." Such positional preferences were not observed in mice following treatment when the thermocline was turned off. This response was most likely mediated via peripherally expressed TRPV1 channels that bind capsaicin to trigger a perception of heat before the compound unbinds and can be degraded.
Although this compound enabled positive validation of the thermocline, we also wanted to test our system using senktide, a compound known to induce hypothermia and act within the central nervous system. Senktide was also chosen as a test compound because of its resemblance to NKB. Emerging evidence suggests that NKB produced by KNDy neurons is a neurochemical signal that induces menopausal VMS in women (32) . Recent studies have also shown that senktide induced thermoregulatory disturbances in rats (15, 33) . Senktide binds to the type 3 tachykinin receptor NK3R, which is expressed by KNDy neurons in the arcuate nucleus as well as by WSNs in the MnPOA, which may represent target neurons for the VMS phenomenon (8, 33) .
We administered senktide to mice and conducted a dose-response study to determine the dose that produced a thermoregulatory response without either pain or inhibition of movement and thus gave reliable control and experimental data. We discovered that a dose of 0.5 mg/kg produced a thermoregulatory response without any signs of pain or discomfort, which is a dose previously used safely by other groups (33) . Following the administration of this NKB agonist, the mice moved to a cooler region of the active thermocline, presumably to rectify their perceived elevation in CBT [ Fig. 3(d) ]. Again, this change in positional preferences was not observed in mice following senktide treatment when the thermocline was turned off.
It is important to note that the initial drop in thermal preference by all the mice following injection most likely reflects an initial stress response from which the vehicletreated mice quickly recovered. Compared with capsaicin, senktide elicited a much more prolonged hypothermic response by the mice, one that lasted at least 90 minutes after injection. Also, as was seen following capsaicin treatment, the ability of the mice to move to a cooler area facilitated their thermoregulatory response to the perceived thermal threat, allowing them to more quickly and significantly drop their CBT before regaining thermoneutrality. We reason that this prolonged response-as well as a sustained perception of hyperthermia-was due to the centrally acting nature of senktide. Further studies are needed to identify senktide's precise targets when it is given systemically. Nonetheless, our Fos results suggest that senktide induced a centrally mediated perception of heat and recruitment of heat dissipation effectors via activation of WSNs in the MnPOA.
Here, we reproduced in mice the earlier findings of hypothermia and Fos induction that occurred in response to senktide in rats (15, 33) . In addition, we demonstrated that senktide caused an increase in TST in mice, demonstrating senktide's ability to evoke tail vein vasodilation. However, the fact that the TST and behavioral responses differed significantly in their time course highlights the importance of measuring multiple readouts to derive a complete understanding of murine thermoregulatory responses. Although tail vein vasodilation may dissipate heat quickly, this method is energy sapping. Cold-seeking behavior, which rectifies temperature imbalance more slowly, requires less energy expenditure and represents a choice made by the mouse. The mouse then can choose to return to a warmer area to regain some of the heat dissipated. We assert that this willful behavioral response of the mouse may better represent how the animal is "feeling" in response to a perceived-or real-thermal threat. We deduced that the persistent choice of the senktide-treated mice to remain on the cooler end of the active thermocline reflects their sustained perception of a thermal threat (i.e., being overheated) and adds valuable information to that provided by autonomic responses alone. Overall, the effects of senktide on autonomic and behavioral thermoregulation in mice suggests that this compound can serve as a chemically induced surrogate for the VMS phenomenon and an experimental platform for testing the efficacy of drugs to block their occurrence. Indeed, new treatments are on the horizon.
At least two new potential therapies could be tested for efficacy with this technology. First, studies have shown that k opioid receptor (KOR) agonists acting in the same manner as dynorphin can silence the KNDy neuronal activity that drives VMS (34) . Moreover, KOR agonists have been engineered to be peripherally restricted [periphally restricted KOR agonists (PRKAs)], having limited access to the central nervous system. PRKAs would, in theory, obviate the side effects of nonperipherally restricted agonists (e.g., nausea, cognitive impairment, and dysphoria), yet still block VMS. Although the ideal PRKA would not cross the blood-brain barrier, it would in all likelihood inhibit the activity of KNDy neurons in the arcuate/infundibular nucleus, which resides outside the confines of the bloodbrain barrier. A clinical trial conducted by our group demonstrated that a nonperipherally restricted KOR agonist can suppress the frequency of menopausal VMS (35) , providing a tantalizing proof of concept for the idea.
Second, NK3R antagonists have proven efficacy in the treatment of polycystic ovarian syndrome and VMS (36) . 
